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ABSTRACT
Fragmentation and burden velocity are the major concerns of
any blasting operation. A good estimation of fragment size
distribution before blasting is very useful and helpful for
selecting the proper equipment for loading, hauling, and crushing
rocks.

The burden velocity can be used to predict the center of

mass movement.
There are three basic variables that determine the blasting
effects. They are rock properties, explosive properties, and
drilling patterns. These together include more than twenty
factors that can affect the blasting results. The development of
a blasting model which considers most of these factors is the
main task of this effort.
The blasting model consists of two parts: 1) fragmentation
model; and 2) blast casting model. The computer program
"ROCKFRAG" followed the algorithms developed by the blasting
model. The development of "ROCKFRAG" provides a quick and
reliable method to assess the blasting results for the blast
designer before the actual shot.
The predictions of "ROCKFRAG" have been successfully applied
to several analyses.

The comparisons are in good agreement.
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I . Introduction

Adequate rock fragmentation and displacement are major
objectives of any blasting operation.

Fragmentation is the basic

concern in rock blasting and serves- as the main measure of
blasting effectiveness.

Fragmentation process affects the size

of the pieces obtained after the rock has been blasted.
Therefore, good fragmentation is the key to successful mining
operation and equipment maintenance. It is desirable to have a
uniform fragment size distribution, avoiding both fines and
oversizes. It is very important from the design aspect where
different types of explosives, rock properties, and blast
patterns can be quickly and accurately analyzed before blasting.
Nine planning may be approached with the aim to minimize total
production costs per ton of rock blasted. This requires a clear
evaluation of the component costs which include drilling,
blasting, loading, hauling and crushing costs. The drilling and
blasting are the first unit operations in the mining process and
have a major impact on the performance and cost of subsequent
unit operations.

When fragmentation size decreases, the tons per

hour loaded increases due to higher bucket fill efficiency and
shorter digging time in loading and hauling processes.
Fragmentation can be controlled by proper selection of values of
blasting design parameters which are borehole diameter, burden,
spacing, stemming height, length of explosive charge column, and
explosive types.
Recently, the cost of mechanical excavation of overburden has
increased rapidly. Hence, the application of blast casting into
the mining practice has raised considerable attention. Blast
casting uses excess explosive energy to throw the fragmented
overburden into a spoil pile, where most of it does not require
1

rehandling.

Blast casting can be very cost effective in reducing

excavation costs in surface mining. The percentage of material
displaced by the explosive energy which does not have to be
rehandled by the excavator is defined as casting efficiency.

The

final spoilpile profile is used to determine the casting
efficiency.
In blast casting, the blasted rock should not only be
adequately fragmented but should also be displaced into a
spoilpile which will facilitate subsequent operations. There are
many requirements for an optimum spoilpile profile, depending on
the subsequent loading and handling operations.
Shovels which are not very mobile require compact muck-piles,
but the rock should be displaced enough to allow the shovel to
dig without excessive break out forces. Front-end-loaders are
more mobile and require a spread out muck-pile, well fragmented,
as they have limited break out forces.

Draglines are more

complex, depending on the mode in which the dragline is used.

If

the dragline operation uses a bridge, the muck-pile should be
relatively flat and the material should be as easy to dig as
possible.
The aims of this research work are: A) establishing theories
for both blast casting and fragmentation problems; B) developing
engineering models based on the theories established in the first
step, and providing an algorithm for calculations; C) designing a
computer program to calculate the average fragment size, size
distribution, final burden velocity, and moving distance of the
center of mass; and D) comparing field or published literature
data with computed values to verify the model.
The engineering models consider three main categories: 1) the
explosive properties (i.e., explosive density, detonation
velocity, and explosion pressure); 2) the rock characteristics
2

(i.e., rock density, P-wave velocity, Young's modulus, and
tensile strength of the rock); and 3) drilling pattern (i.e.
burden, spacing, hole diameter, bench height, and charge column).
Data from field work and from published literature are used to
verify the theoretical development.
The purpose of developing a casting model is to predict the
final burden velocity based on explosive properties, blast round
design, and geological conditions around the borehole. The model
derived on the basis of blasting theories explores the mechanism
of casting rock into pits.

The final burden velocity is used to

estimate the moving distance of the center of mass of the rock
which will provide a rough idea of the shape of the final
spoilpile profile and casting efficiency.

However, to

incorporate the burden velocity with the spoilpile profile needs
further study and development which is not in the scope of this
research work.

3

XX. Literature Review
2.1 Mechanism of rock breakage
Although high explosives have been used for rock blasting for
over a century, scientific theories on rock breakage by
explosives have emerged over only the past few decades.

Blasting

research has received considerable attention over this recent
period. However the rock breakage process is far from being
fully understood and controlled. Although rock blasting with
explosives is a process that requires only a few simple
operations (drilling of holes, loading of holes with explosives,
and detonating of explosives), the detailed physical processes
causing rock breakage by the detonation of the explosive are
complex and are influenced by many variables.
Understanding the fundamental mechanisms by which rock
fragments, when subjected to explosive loading, is critical to
producing successful approaches to rapid excavation of rock for a
variety of purposes. From the literature it is clear that
contradictory theories of breakage currently exist, over which of
the supplied energy of explosive sources is most useful, and
through which mechanisms these energy sources break rock.
proposed theories have been limited to three philosophies.

The
The

first suggests the shock wave pressure as the dominant factor in
rock breakage, Obert and Duvall1 (1950), Duvall and Atchison2,
(1957), and Hino3, (1959). Rock failure is normally explained as
a relation between the induced stresses and the dynamic strength
of the material. Hino explains the formation of the crushed zone
around the cavity when the stress associated with the emitted
wave exceeds the compressive strength of the rock, and the
scabbing effect when tension in the wave front exceeds the
tensile strength.

The second contends that explosive generated gas pressure is
the primary factor in the process, Langefors and Kihlstrom5
(1963), Kutter and Fairhurst6 (1971). They suggested that both
stress waves and gas pressure play a role in rock fragmentation
by explosives.

The stress wave functions to precondition the

rock by initiating radial cracks in tension at the borehole wall.
Expanding gases from detonation of the explosive pressurize these
cracks and extend them. Preexisting cracks would re-initiate
under stress, and the amount of the crack extension would be
inversely proportional to the length of the preexisting crack.
Presence of a free surface favors extension of gas pressurized
radial cracks in the direction of that surface. Reflected wave
interaction can explain the breakage angle resulting from
concentrated charges in the rock.
The third12 suggests that the rock is broken by a release of
load mechanism. The rock is simply pulled apart by its own
internal forces, the whole mass of rock going into tension almost
at the same time.
2.1.1 Shock wave theory
Shock wave theory of rock breakage has been proposed in many
forms by different researchers.

This model states that most of

the rock breakage in a blast occurs at a free face as a result of
spalling, the phenomenon which occurs when a compressive wave is
reflected at a free boundary.

The slabs which are spalled from

the rock edge are formed in a succession of increasing thickness
where the number of slabs depends on the amplitude and duration
of the stress wave.
The U.S. Bureau of Hines proposed three steps involved in
shock wave theory from their studies.

In the first step the

stress wave moves out from the borehole inducing high radial
5

compressive stresses near the borehole.

The amplitude of this

compressive stress wave is so high that it causes crushing of the
rock. The rock broken in compression for a short distance from
the borehole produces a small zone of crushed rock in the
immediate vicinity of the borehole. ' As the compressive stress
waves travel outward, their amplitude decays rapidly until no
further crushing of the rock is possible. The second step
results from compressional stress wave reflected at the free
face. Upon reflection the compressive stress becomes a tensile
stress. Since the strength of the rock in tension is much less
than in compression, the reflected tensile stress is able to
break the rock in tension.

The final step involves the slowly

developing expansion of the gas pressure into the pre-existing
radial cracks.

As radial cracks expand, the front of the

borehole heaves forward.
The U.S. Bureau of Mines conducted a series of experiments to
find the explosion crater to confirm the shock wave theory.
Duvall and Atchison2 (1957) studied the relationship between the
radial strain and explosive energy for a concentrated charge.
Their results may be expressed by the equation below.

Where D/w1/s is the scaled distance; Pn is the explosion
pressure; p is the density; C is the P-wave velocity; and 6 is
the strain wave.

They found n was 1.56 for the transition zone

and 1.24 for the seismic zone in Greenstone granite using 60%
ammonia gelatin at a density of 1.41 g/cc.

This relationship

should apply quite generally since it does not depend on any
specific type of wave forms.

Therefore, the factor n will vary

from one set of conditions to another.
For cylindrical charges, the empirical formula to find the
relationship between the radial strain and the explosive
properties was studied by Soviet researchers. Adushkin7, et. al.
(1987) published the following equation.

u rm

R" pc
E /

“ 6.62 * 10.-3
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,(------=
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y qe
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Where Ufln is the radial component of the maximum particle
velocity in m/sec; R is the distance from the charge axis to the
observation point in meters; q, is the linear density of the
explosive for a Trotyl charge equivalent in energy, Kg/m; E is
the concentration of explosive energy in the charge, J/m3; p is
the material density, Kg/m3; c is the elastic longitudinal wave
velocity in the material in m/sec.
One opposite point against shock wave theory proposed by
Langefors5 (1963) is the fact that fragmentation could occur in
the absence of a high intensity stress pulse which can not be
explained by the shock wave theory.

However, there is no doubt

that strain magnitudes in blast waves are very important factors
in a rock breaking mechanism and must therefore be included in
any useful model.
2.1.2 Radial cracking theory
a. Homogeneous rock
When the charge detonates in a borehole, due to the radial
outflow of the material motion accompanying the shock wave, the
tangential pressure will decrease more rapidly than the radial
and axial pressures and will ultimately cause radial cracks to
7

appear.

Up to that time, the material between the borehole and

the shock fronts is compressed and moves elastically, or flows
plastically, depending on the pressure and the strength of the
rock. Initially, the number of cracks is quite large, but only a
few of these will propagate very far because of the stress
relocation spreading from the longest of them.
Persson8, et. al.(1969) investigated the interaction between
the radial crack system and the reflected tensile wave in a
series of model scale tests in plexiglass. The interactions give
to those cracks which are close to the wave front a greater
propagation velocity. These cracks then travel ahead and by
relaxation of the surrounding material reduce further the
velocity of neighboring cracks. After the cracks have reached
the free surface, the rock is accelerated by the remaining gas
pressure during a short initial period.
b. Inhomogeneous rock
Among the types of inhomogeneous rock, there is first the type
of rock with preexisting cracks and fissures. Large fissures
through the borehole will obviously change the order of events
described in homogeneous rocks.

If the initially very high

pressure gas flows into such a fissure, the wedge effect will
cause this fissure to expand preferentially at the same time as
the gas leakage out into the fissure, which will reduce the
pressure available for the normal fragmentation process. Near
horizontal fissures of this kind in bench blasting are often
responsible for unexpectedly large distances of throw.
Large fissures parallel to the borehole may cause reflection
of the shock wave before it reaches the free surface. This will
result in a more intense fragmentation of the material closer to
the borehole, and even internal scabbing at the fissure.
8

The

radial cracks will not cut through a fissure.

Instead, the gas

pressure will expand into the fissure and cause unexpectedly
large break out boulders which nay reach far beyond the intended
excavation.
Three phases are described in radial cracking theory:
a. Crushing and radial fracturing under the action of the emitted
stress wave.
b. Scabbing effects due to reflections at the free boundaries of
the rock mass.
c. Quasi-static effects of the expansion of the gaseous products
of detonation.
The first phase in the process of loosening rock, the radial
cracks and scabbing effect, are influenced by the stress wave.
The last stage of the breakage is, as pointed out by Johanson and
Persson9 (1970), a slower process. Under the influence of the
pressure of the gases from the explosion, the primary radial
crack expands, the free rock surface in front of the drill hole
yields and is moved forward.
The difficulties in the radial cracking mechanism pointed
out by Cook10 (1976) are:
a. Radial cracking would be valid in a strictly brittle fracture
model.
b. Shock waves and scabbing effects do notcause any breakage in
commercial blasting with low powder factors.
c. Radial fracturing is really impossible in shock or even
plastic wave propagation, because the material flows in a
manner resembling a liquid whenever thepressure in the
compressive wave reaches or exceeds the thresholdvalue for
these types of waves.
d. In brittle fracture, cracking can occur if different elements
of the burden tend to move away in different directions, such
9

as to pull apart the burden inerttally.
More recent studies have helped clarify some of the issues
surrounding the controversy over fragmentation mechanisms. The
conclusions made by Winzer11, et. al.(1983) state that stress
waves reflected from the free faces, running back towards the
borehole, interact with the outgoing radial cracks. Old
fractures are the loci of new fractures or are re-initiated
themselves early in the event; they continue to be active for
tens of milliseconds after detonation of the explosive. Gas
venting occurs through already open cracks relatively late in the
event, indicating that the majority of fractures observed on the
free face are not pressurized. The stress wave functions not
only to initiate fractures at or near the borehole wall, but also
to initiate fractures throughout the rock mass being blasted.
The contribution of stress wave induced fracturing at flaws and
discontinuities removed from the borehole, is considerably
greater than either the spalling or borehole radial tensile
failure documented by early researchers. Gas pressurized radial
fracturing, in cases where a free face is present and the
material contains flaws and discontinuities, is only a minor
contributor to the overall fragmentation of the rock mass.
Hence, the force exerted by expanding gases is the dominant
factor in moving the rock.
211 t3,
..Energy Theory (By MtAi .cask1*!
Precompression and burden acceleration are necessary steps in
the blasting process.

Burden acceleration is an effect due to

the borehole gas pressure, Pb,pressing itself on the walls of
the borehole with a total force F - Pb(t) £(t).

Where £ is the

surface area of the borehole, and t is the time.Then the burden
is free to move out radially. The equation of motion is:
10

F - M d2r/dt2 - M a

eq* 2.3

where F is the effective total force applied by the explosive
gases on the burden at any instant, M is the weight of the rock
mass, and r is the distance along the radius of the borehole, a
is the acceleration of the rock. F is a complicated function of
r and dr/dt. For example, as the borehole expands, the diameter
of the borehole increases where the volume of the explosion gas
increases. As the borehole expands, the gas pressure decreases.
When the gas pressure decreases, it exerts less force on the rock
mass and causes less acceleration of the rock. The procedure is
repeated in the borehole expansion state. The equation can be
solved by stepwise or graphical integration, finding the average
force of each step with small intervals in r and t to make this
computation valid.
The strain wave radiating outward is associated with the
explosion pressure. The shape of this strain wave provides a
direct measure of the explosion force, in other words, the
characteristics of the strain wave reflect in detail, the nature
of the impulse (F*t) load on the rock and the changing condition
in the borehole.
At the instant, the blast wave reaches the terminus of the LLR
(line of least resistance), in order to cause breakage, the
average strain (e(t',r)) of the blast wave needs to exceed e0,
the magnitude of the tensile strain limit, by a factor K. That
is:
e » K e0

eq. 2.4

for optimum blasting where K is a factor expected to be about
2.0. From the sample calculations, K has a value of 1.53. Cook
derived the following theoretical equation based on thermodynamic
11

and hydrodynamic laws.
6 (t) - 31.2 Pb(t) 0 / (15.6 +LLRf)

eq. 2.5

Where e(t) is the average strain at different times and 0 is a
constant.
There are two criteria for rock movement in energy models: 1)
rapid breaking of the burden from the main rock mass to permit
the compressive strain to go into tension at 6 > e0; 2)
"expanding universe", or EU velocity distribution.
When the burden is loaded with critical strain and leaves the
main rock mass, it will have effectively completed its task.
rock will go into tension as rapidly as possible after the

The

initial compressive stress wave loading and uncoupling have been
accomplished. Generally, the more rapidly the load is released
the greater the fracture, especially at the highest compressions.
Fracture is always greater at higher compression at a given rate
of releasing a load.
The second criterion is a proper "expanding universe" or EU
velocity distribution.

At the time the compressive stress wave

reaches the free face, the particle velocity is greater near the
borehole and least at the free surface.

When the release wave

reflects from the free face, the distribution is completely
reversed. The high velocity elements at the rear move completely
through the reflected low velocity elements in this period. In
the EU model, the redistribution and ultimate equalization of
pressure set up an impulsive process of particle velocity
distributions in which particle velocity increases linearly,
radially, and outward. After the initial compression stage, the
rock is pulled apart by its own internal forces due to the
redistribution of pressure and particle velocity.
12

The difference between energy theory and shock wave theory is
that, the former visualizes the release of load mechanism with
the whole mass of rock going into tension almost simultaneously;
the later produces periodic tensile fragmentation.

2.2 Fragmentation model
One of the most important factors, when designing an
economical commercial blasting operation, is to get a good
fragmentation size distribution. The prediction of fragmentation
is very difficult because of the great amount of variables
influencing the phenomenon. More than twenty factors seem to
effect the fragmentation in the blast. These factors may be
divided into three groups; namely, 1) rock parameters, 2)
explosive parameters, and 3) drilling and ignition patterns.

It

is unlikely that highly accurate fragmentation by blasting will
ever be achieved since there are so many variables involved.
Researchers have analyzed this problems in the past. Their
contributions to the solution of the fragmentation problem have
several aspects in common as outlined by Gama13 (1983):
1) There is a need to develop reliable models to calculate the
result of blasting, with its parameters (explosive properties,
rock properties, and drilling pattern).
2) Those models must be as general as possible.

Applications to

actual blasts require some adjustments to comply with reality.
3) since the factors influencing breakage depend on the correct
use of input data, a careful survey must be conducted in each
bench prior to detonation.
4) More research is necessary to quantify fragmentation.
In the past, researches have been done to correlate the rock
parameters and explosive parameters with mean fragment size.
13

One

of them is the Kuz-Ram model which gives a very good agreement
with field work. One objective of this work is to add the
influence of drilling pattern into the Kuz-Ram model. By knowing
the exact drilling and ignition patterns, it is possible to
obtain a better prediction of the fragmentation distribution by
applying a hole- by-hole analysis method.
2.2.1 Kuz-Ram model
An empirical equation was derived from a study of both model
and full-scale blasting by Kuznetsov1*(1973). He reported that
initial studies had been done with models of different materials
and the results were later applied to open cast mines and even an
atomic blast. A degree of scatter between fragmentation
measurements and predictions was shown, and was to be expected,
considering the nature of mining and the variability of rock.
The model predicts fragmentation from blasting in terms of mass
percentage passing through versus fragment size.

The equation is

X = A (Vjj/Q)0,8 Q°-167

eq. 2.6

where
X

: the mean fragment size, cm

A

: a rock factor, 7 - for medium hard rocks, 10 -

for hard

and highly fissured rocks, 13 - for very hard, weakly
fissured rocks
V0:
the rock volume (m3) broken per borehole
Q
: the mass (kg) of TNT which is equivalent in energy to
that of the explosive charge in the borehole.
This equation gives a first estimation of the mean fragment
size, which has been widely used and applied with good agreement
as suggested by Lownds15 (1983), Cunningham16 (1983), Rollins and
14

Wang17 (1989).

In the Kuznetsov equation, rock properties have

been defined by a rock factor, which was recommended to be
between 7 and 13, depending on the hardness and joints of the
rock. The explosive performance is defined by the density and
relative weight strength. However the methods to determine these
two factors are not very scientific. A revised method of rating
the explosives and rock factors was proposed by Cunningham18
(1983). The evaluation of rock factors for blasting should at
least take into account the density, mechanical strength, elastic
properties and structure.

The equation is :

A « 0.06 * (RMD + JF + RDI +HF)
where :
RMD:

rock mass description
-powder/friable
10
-vertically jointed JF
-massive

JF:
JPS:

vertical jointfactor
JF = JPS + JPA
vertical joint plane spacing
-0.1m
-0.1 to MS

10
20

-MS to DP

50

MS:

oversize (m)

DP:

drilling pattern

JPA:

50

size (m)

joint plane angle
-dip out of face
20
-strike perpendicular to face 30

RDI:

-dip into face
rock density influence
15

40

eq. 2.7

RD:

rock density ( tons/m3 )
RDI - 25 * RD - 50

HF:
Y:

UCS:

hardness factor
Young's modulus ( GPa )
If Y < 50 GPa, HF - Y / 3
If Y > 50 GPa, HF - UCS / 5
uniaxial compressive strength ( MPa )

Then using the Rosin-Rammler formula to predict the fragment size
distribution. The Rosin-Rammler formula has been generally
recognized as giving a reasonable description of fragmentation in
blasted rock.

The equation is
eq. 2.8

where :
R100 : the proportion of material retained on the screen
X : the screen size
Xc: the characteristic size
n : the index of uniformity, a blasting parameter.
The definition of average fragment size is used to obtain
characteristic size (Xc) :
x„c =

X
0. 6931/n

eq. 2.9

A useful indirect check on n, the index of uniformity, has
been done by Cunningham (1983). He based predictions of
fragmentation on the Kuznetsov equation and used the
relationships between fragmentation and drilling pattern to
calculate this blasting parameter of the Rosin-Rammler formula.
The blasting parameter, n, is estimated by :
n™(2.2-14*B/d) (1-W/B) (l+A/2)°*5(abs(BCL-CCL)/IH-0.1)°-1L/H
where
16

eq. 2.10

BCL ■ Bottom charge length, m
CCL - Column charge length, m
B - burden, m
d - hole diameter, mm
W = standard deviation of drilling accuracy, m
A = spacing/burden ratio
L == charge length above grade level, m
H = bench height, m
The interrelationship between the variables in a blast and the
results of blasting established in this work are in good
agreement with the experiment. Also, computed fragmentation size
conforms to the empirical powder factor law.
2.2.2 Hole-bv-hole analysis method
In bench blasting, the actual drilled pattern is not the exact
designed pattern due to the drilling deviations. The effects of
faulty drilling will cause some unexpected fragment sizes. The
goal is to be able to predict the fragment size distribution and
effects of the faulty drilling when the exact drilling pattern is
known.

Each borehole is assigned a volume which it has to

fracture for the actual drill pattern used.

The fragmentation

distribution of each volume is calculated and they are summed up
to give the total fragment size distribution.

This method is

used to consider the effect of drilling pattern.
Some rules of dividing the volume for each hole as suggested
by Hjelmberg18 (1983) are described as following :
1. Each hole loosens rock between itself and the nearest free
surface.
2. The loosened area may be approximated by a triangle with its
apex at the borehole.
3. When holes are initiated in a certain order, the areas
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should be constructed in the same order.
4. When two or more holes are Initiated simultaneously, the
area is always limited by the mid point normal to the line
between such neighboring holes.
5. A maximum measure of the fragmentation is the distance from
the hole to the free face.
An angle in rule 2 to define the triangle is chosen as 90
degrees for simplicity. However the angle of breakage in the
triangle is the most important factor in dividing the volume.
Hjelmberg also listed the following possible improvements :
1. The angle is different from 90 degrees, probably larger.
2. The angle depends on rock properties.
3. The angle depends on the distance to the nearest free
surface.
4. The angle depends on the distance to the nearest holes,
which detonate simultaneously.
5. The apex is behind the hole and/or has a different shape.
6. Use a weighted average of several distances from the hole to
describe the fragmentation instead of using the longest
distance from the borehole.
These suggestions are believed to improve the prediction.

The

effect of variations in drilling as well as ignition patterns can
be added to present formulas.

With the idea of finding the

volume of each hole, this volume is used in the Kuz-Ram model to
predict the fragment size distribution of each hole. Summing up
the total fragment size distribution would take care of the
influence of drilling and ignition patterns.
2.3 Equation of State
When a shock wave passes through an explosive, the material is
compressed and set into motion, the temperature rises, and the
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explosive begins to react. Some of the energy released in the
chemical reaction catches up to the front and reinforces it. The
remainder of the energy is delivered to the reacting explosive
itself, or into surrounding material. If the reinforcing
component of the energy is sufficient to support or strengthen
the shock wave, steady detonation may be obtained.
To make predictive calculations regarding the performance of
an explosive, it is necessary to have a suitable equation of
state for the gaseous products of detonation. The equation of
state with sufficient accuracy of the pressure-volume-temperature
relationships at high temperatures and pressures, may be employed
to aid in the solution of the two states of interest.
There are a number of equations of state that are applied to
this high temperature and high pressure detonation state.

These

equations of state are only suitable for certain explosives at
certain ranges.

Most of them only apply to ideal detonations

where all the unreacted material in the reaction zone is
converted to products within the very short time that the shock
wave traverses the material. Commercial blasting agents are
composite explosives, not homogeneous explosives. Upon
detonation, only a fraction of the material in the reaction zone
is converted to reacted products (mostly gaseous) in
thermodynamic equilibrium. The remainder of the material reacts
over an extended time, resulting in a lower but more sustained
pressure.

Particle size and borehole diameter influence the

detonation of the non-ideal explosives. Hence, the detonation is
not truly steady state. Different velocities of detonation may
be detected at various points along the detonation pathway.
However the only detonation parameter which can be measured
conveniently and accurately is detonation velocity.

It is

difficult to apply an equation of state, which uses the measured
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detonation velocity to calculate the detonation parameters, to a
non-ideal detonation.
Basically, there are four different types of commercial
explosives: dynamite, ANFO, slurry, and emulsion, commonly used
in the market. Dynamite has been used over the past 100+ years.
The disadvantage of dynamite is its nitroglycerin content which
makes it hazardous to manufacture, transport and use. The
development of dynamite used kieselguhr to absorb nitroglycerin
and make it safer to transport and use. Over the years various
percentages of nitroglycerin and diverse materials have been
mixed to produce different types and grades of dynamites.
ANFO is porous ammonium nitrate prills and fuel oil with a
common weight ratio 94.4/5.6.
It is the most popular explosive
for surface mining due to its low cost. The disadvantages of
using ANFO are its low resistance to wet conditions and
relatively low density and strength.

The development of slurries

solves the water resistance problem and increase the bulk
strength and density.

Slurries are made with a wide range of

sensitisers such as monomethylamine nitrate, ethylene glycol
mononitrate, fuel oil and microballoons. The choice of
sensitisers depends on the charge diameter and temperature.
Emulsion contains microscopic cells of water and dissolved
oxidizer salts, which are suspended in a continuous medium of
waxy oil, containing dispersed microballons and aluminum.

The

development of emulsions improved the water resistance and also
the bulk strength by adding aluminum. Emulsions do not require
chemical sensitisers and obtain full detonation velocity when
suitably sensitized with microballons or air.
To make predictive calculations regarding the performance of
an explosive, it is necessary to have a suitable equation of
state for the gaseous products of detonation. When the equation
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of state of the detonation-product gases is known, the energy of
these gases may be expressed as a function of their pressure and
volume.
A model which more correctly describes the detonation
performance of a composite explosive, is a time-dependent one,
combining the fast initial reaction and the slow non-ideal
reaction. This may be stated as:
P - [l-F(t) ] * ^(VfE) + F(t) * f2(V,E)

eq. 2.11

where :
P a pressure
V ■
E =
f,f2-

volume of products/volume of undetonated explosive
energy contained in composition at hand
equation of state for fast initial reaction
equation of state for completely reacted explosive

F(t)« a time-dependent function expressing the fraction of
completion of the slow reaction.
This model is a two-component, time-dependent model for
composite high explosives. One of the empirical equations
referred to as the J-W-L equation of state by Penn, et. al.19
(1975), which describes the pressure-volume-energy relationships
of the products of detonation.

W

-R

The form of the equation is

V

W

.d u

P - A ( 1 ------ )eR iv + B ( 1 ------- )e
R,V

2

+

RjV

WE

eq. 2.12

V

where A, B, Rj, Rj, and w are constants, and V is the relative
volume, v/v0, the ratio of the volume of gaseous detonation
products to the volume of unreacted explosive. E is the energy
per unit volume and the equation for E is :
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eq. 2.13
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At large V and low P, the first two terns of equation 2.12
diminish in importance and the last term dominates. At high P,
near the Chapman-Jouguet(C-J) pressure for the explosive, the
first term dominates, and at intermediate values of P and V, the
middle term dominates. At large volume expansions and
consequently low pressures, the last term, wE/V, dominates the
behavior and thus functions as a polytropic gas equation of
state.
All of these necessary experimental data are not always
available. Accurate calorimetric data are often difficult to
obtain because the calorimetry must be done on a small scale, and
may not reflect the true reactions and energy output of a larger
sample of explosive. Thus the energy is calculated by using the
heats of formations of the components.

Another type of

experimental data often unavailable is the C-J pressure. The C-J
pressure must therefore be estimated. This is done by using the
equation
D2
Pd -----------

*«•

2‘14

where the density (p0) of the undetonated explosive is measured,
and the detonation velocity D is measured.
expansion of gases,

In an adiabatic

T « - [ din p/dln V]#. This value is by no

means constant throughout the expansion of the gaseous products
of detonation. Initially the value is large.
The J-W-L equation of state coefficients for the four groups
of explosives were experimentally obtained by Penn, as listed in
Table 3.1. C-J pressures were estimated, and the energy (E0)
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values were calculated by using the composition as given by the
manufacturers, assuming equilibrium among the detonation
products. The detonation velocities were measured by using a
streak camera. By using this empirical J-W-L equation of state,
the pressure-temperature-volume relationship can be obtained.
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Explosives
pft (g/cm)
P(MB)
D(Km/sec)
Eff(Mb.m3/m3)
T
A
B
R1
R?
w
C

ANFO
0.782
0.055
5.0
0.029
2.554
0.7519
-0.00818
4.1
1.25
0.44
0.0117

Table 3.1

Dynamite
1.262
0.12
5.76
0.051
2.49
1.907
0.0758
4.4
1.4
0.23
0.00627

Slurry
1.36
0.13
6.1
0.045
2.893
3.2207
0.07769
4.7
1.4
0.16
0.00324

Emulsion
1.43
0.055
3.7
0.055
2.559
0.912
0.00407
4.4
1.0
0.16
0.00746

C-J parameters and J-W-L coefficients.
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III. Proposed theory development
3.1 Fragmentation model
For the fragmentation of rock by blasting, the common points
of consideration are 1) how effective a given explosive will be
to fragment the rock and 2) how to produce an optimum spoilpile
for subsequent mining operations. There are many factors which
contribute to the generation of optimum fragmentation and muck
piles in the blasting operation. Some are controllable factors
such as drilling pattern (e.g., burden, spacing, stemming, and
initiation sequence), and explosive properties (e.g., types of
explosives, detonation velocity and pressures). The rock
properties are uncontrollable factors, such as joints, fractures,
rock strength, and density. There are more than twenty factors
which affect the blasting operations. The steps to incorporate
these factors into considerations of blasting operations, become
a series of very challenging tasks and are necessary to change
blasting operations from a state of art into a state of science.
In the literature review, previous researchers have
successfully calculated the fragmentation and size distribution
by considering rock properties and explosive properties.
However, the actual drilling patterns have not been taken into
consideration. If a bench is regular and the boreholes are
drilled to the exact positions where they should be, the
influence of drilling patterns becomes very small. However, in
most of the blasting operations, the bench is very irregular, and
drilling deviations certainly occur. The influence of actual
drilling patterns becomes very important in rock fragmentation
and the spoilpile.

This research work is the first one to

predict the fragmentation and rock velocity by combining these
three major factors.
As reviewed in chapter 2, the problem with the hole-by-hole
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analysis is how to divide the volume for each hole.

An

arbitrarily assigned 90 degree angle of breakage is inadequate
and most often too small for each borehole in bench blasting.
The angle of breakage depends on the rock properties, burden,
spacing, and the quantities of explosive charges applied.
However, calculating the angle of breakage alone is not adequate
to find the bench volume broken by each borehole. In order to
find the rock volume broken by each borehole, a theory is
proposed to divide the bench into three different areas due to
different breakage mechanisms for each borehole.
main breakage area or casting area,

They are 1)

2) a secondary breaking area

and 3) an overbreak area.
A. Main breakage area (casting area)
The breakage in this area is due to 1) the reflected tensile
stress waves at the discontinuities (such as joint.s, cavities,
cracks, etc.), and 2) the redistribution of pressure to enlarge
the fracture when the burden is uncoupling from the main rock
mass. The expanding gas pressure is the dominating factor for
pushing this area outward.
In a typical bench, there are numerous joints, small holes,
and discontinuities.

When the stress waves generated by the

explosive detonation meet these discontinuities, which serve as a
free face to the stress waves, they will reflect or refract, and
change to tensile stress waves to cause tension fracture around
the discontinuities. Also a redistribution of the pressure is
formed. There are two kinds of stress waves. One is created
during the detonation state, which acts during the first few
microseconds.

The detonation wave can be characterized as a

strong shock wave driven by the energy from the chemical reaction
of the explosive composition. The other stress wave is in the
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explosion and later states.

The high pressure gases of these

later states, send a shock wave into the rock. The stresses from
this shock wave, at least near the borehole, are greater than the
dynamic compressive, and shear strength of the rock. Then beyond
this region, the compressive shock wave propagates until it meets
the discontinuities. These stress waves cause more or less
crushing and compression of the rock depending on the explosion
pressure and the strength and stiffness of the rock. The
compression of the rock causes strain energy to be stored in the
rock. The work done by the explosive during this state is called
the brisance energy which consists of the strain energy stored in
the rock and the kinetic energy of the shock waves. The stress
waves act proportional to the pressure generated by the
explosive.

The magnitude of the stress waves decreases with

increasing distance from the explosive charge.

When the stress

waves hit the discontinuity face, breakage occurs when the stress
waves suddenly go into tension which may exceed the tensile
strength of the rock. When the magnitude of the stress wave is
small, the reflected tensile stress wave will not cause any
breakage, and the stress wave will travel as a seismic wave.

The

main breakage area is defined between the blast holes in this
tensile breaking area.

After the rocks start uncoupling from the

main rock mass, this area is pushed forward by the borehole gas
pressure.

The confinement on the rock mass disappears, and the

strain energy stored in the rock causes the redistribution of
stress, which will enlarge fractures and cause the rock mass to
break up. The borehole pressure then starts to accelerate the
rock.
The boundary of this main breakage area is found theoretically
by :
€„ ■ e0

eq. 3.1
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eu « the magnitudes of strains in the stress waves
60 » ultimate tensile strain of the rock
Trying to locate the discontinuities (hole, joints, etc.) and
applying this equation to find the exact boundary inside the
bench is not practical. A simplified estimation only considers
the breaking point at the bench face. This approach gives an
approximate main breakage area corresponding to each hole.
The stress wave behavior is estimated by the empirical formula
in equation 2.2. The equation shows that the magnitude of strain
waves decreases with increasing distance from the borehole.
Substituting rock tensile strength into the stress wave equation
locates the breaking points. Connecting the breaking points to
the borehole will find the angle of breakage. The volume inside
this area is called the main breakage area. There are three
cases of this main breakage area as shown in Fig. 3.1.
Case 1: Borehole too far away from the Bench face.
In this case, the powder factor is too low to completely break
the rocks between the bench face and the borehole. The least
resistant line is to the ground surface line. The detonation of
the explosive charge will create a crater around the borehole.
When the shock wave of the detonation process meets fractures,
cracks, and joints inside the bench, it will reflect or refract
into a tension stress wave causing tensile failure of the rock.
However, the borehole is too far away from the bench face. When
the shock wave hits the bench face, it is too weak to cause any
tension failure at the bench face, and therefore leaves the bench
unbroken. The gas pressure pushes the rocks stemming upward
instead of forward until the borehole pressures is released. The
bench is not broken.
Case 2: Borehole too near the Bench face.
In this case, the borehole is too near to the free face.
28

The

Plan view
Case 1: Borehole too far away from the bench face

crushing

no breakage area

free face

Case 2: Borehole too near the bench face

breakage area
free face

Case 3: Correct burden and powder factor

breakage area

free face

Fig. 3.1

Three cases in Main Breakage Area
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angle of breakage Is very large.

However, since the burden is so

small, the borehole pressures are very easily released and do not
have enough time to enlarge the tension cracks initiated by the
shock waves. The actual angle of breakage may be smaller than
the predicteded one. A lot of explosive energy may be wasted in
throwing a small quantity of rock, and a long distance of rock
throw may be expected with much scatter.
Case 3: Correct burden and powder factor.
In this case the borehole has the right powder factor to break
the bench.

The angle of breakage depends on the burden, rock

properties, and explosive properties.
In typical bench blasting, there are tens or even hundreds of
holes detonated simultaneously or in delay sequence. The
explosion of adjoining boreholes will certainly help the breakage
of this area. In most cases, an overlap between two adjoining
main breakage areas is expected.

In this circumstance, dividing

the overlapped area by two and adding it to the remaining area
seems a very reasonable approach.
B. Secondary breakage area
The breakage of this area is due to two causes: 1) stress
waves reflect at the discontinuities as before. 2) Stress waves
generated by different boreholes colliding between them, will
convert compressive stress waves to a tensile stress wave.
The stress waves generated by the high pressure gases cause
compression of the rock in these regions.

After the main

breakage area uncouples from the main rock mass, the confinement
of this area disappears, and the strain energy in the rock causes
the redistribution of stress. The rocks in this area suddenly go
into tension and pull the rock apart from the unbroken rock mass.
The borehole gas pressure is constantly pushing the rock, but the
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rock is not able to move due to the direction of motion being
hindered by the solid unbroken rock in the bench area.
Therefore, the velocity of rock movement is much less than it is
in the casting area. The numbers of fractures in this area may
not be fewer than they are in the main breakage area, but the
rate of load releasing in this area is much less than in the main
breakage area. Some of the fractures will not be able to pull
apart to break the rock mass. Therefore, the fragments in this
area are larger than in the main breakage area. When a faulty
drilling and ignition pattern occurs in actual bench blasting,
this area is effected the most. There are two cases in this
breakage area as shown in Fig. 3.2.
Case 1: Unbroken rock between two boreholes.
The main breakage area of one borehole does not overlap that
of the adjacent one. It leaves the rock between the two main
breakage areas unbroken. However, the rock may still detach from
the bench due to the existing fractures or the fracture plane
generated by two colliding stress waves. The fragmentation in
this case will be very poor, and large fragment size is expected.
If the spacing between two boreholes is large, the secondary
breakage area may not be broken.

Increasing the powder factor of

the boreholes or decreasing the spacing between the boreholes are
the methods used to prevent this case from happening.
Case 2: Completely broken rock mass between two boreholes.
The main breakage areas of adjacent boreholes overlap each
other. With the right explosive charges and right spacing,
theseareas are completely broken by the two boreholes.
C. Overbreak area
In the end borehole of a drilling pattern, one side of the
borehole does not have the combined stress wave effects to break
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the rock which come from the neighboring explosive charge. The
fractures are only caused by the reflected tensile stress at the
discontinuities to cause the redistribution of stress.
As in the secondary breakage area, after the rock mass in the
main breakage area has detached from the main rock mass, the
strain energy stored in the rock due to the compression of stress
waves causes the redistribution of the stress and pulls apart the
rock mass. Without the help of a neighboring borehole, the
breaking rock mass in this area is less than that in the
secondary area. To simplify the calculations, this area is
obtained by connecting the midpoint of the boundary line of the
main breakage area with the borehole to get the triangle.
triangle area is defined as overbreak area.

This

D. Overall breakage
These three areas are illustrated in Fig. 3.3 for
clarification. The purpose of defining these three areas is to
calculate the area for each hole in a quantitative way. The main
breakage area is the major concern which is found by using
equation 2.2 to locate the breaking point. Connecting the
breaking points on each side with the borehole forms the
triangleof the main breakage area.

Using the same procedure, the

main breakage area of the adjacent borehole can be found.

If

there is an overlap between the two main breakage areas, the area
is divided and added to each main breakage area.
After this area is found, the Kuz-Ram model is used to predict
the fragmentation size distribution for each hole. Summing up
the size distribution for each hole gives the total fragment size
distribution.
Following are the engineering models proposed to find the
fragment size distribution:
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Plan view

spacing

burden

free face

overlap main breakage area

main breakage area

secondary breakage area

overbreak area

Fig. 3.3 Three Breakage Areas in Bench Blasting
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1. Divide the blasted volume for each individual hole by the
boundary conditions. Calculate the area of each hole.
2. Use equation 2.7 to predict the rock factor A.
3. Use this area and rock factor to compute the average
fragment size by equation 2.6.
4. Predict the fragment size distribution for each hole by the
Rosin-Rammler curve, equation 2.8.
5. Summing up the fragment size distribution of each hole to
obtain the total fragment distribution,
P, = E Vj R,j / VT

eq. 3.2

where
P, = total proportion of the material retained on the screen
Vj = volume in each borehole
R,j = the proportion of material retained on the screen
VT = the total volume.
The advantages of the Fragmentation model:
1. Be able to predict the average fragment size and size
distribution before blasting.
2. The fragmentation calculations are based on explosive
properties, rock properties, and drilling pattern. The actual
drilling pattern is definitely an important factor effecting
fragmentation and is taken into account for fragment size
calculations.
3. The rock mass broken by each borehole is calculated and used
in the blast casting application.
4. The angle of breakage depends on rock properties, explosive
properties, and drilling pattern.
5. The distance from the borehole to the free face affects the
angle of breakage.
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3.2 Blast Casting Modal
When the explosive charges detonate, the energy is distributed
in three main categories: 1) rock breakage, 2) plastic
deformation, and 3) rock movement. The plastic deformation
occurs before the rock movement. The rock breakage occurs before
or during the rock movement. The expanding borehole gas pressure
is the dominating factor for rock movement.
When explosive charges detonate in a borehole, they release
the shock waves to initiate the solid explosive columns and
fracture the surrounding rock.

Also, the detonating process

alters the solid explosive mass to explosion gas products, and
generates heat, energy, and pressure.

The explosion gas pressure

is the main force in throwing the rock. The detonation processes
are shown in Case 1 of Fig. 3.4.
In the explosion state, the gas pressure contained in the
borehole generates stress waves and force to enlarge the tension
cracks.

Some of the explosion gas products penetrate into these

cracks and increase the gas volume.

The explosion pressure is

decreased to the borehole pressure.

However, since there is very

little time for this transition to occur, the borehole pressure
should be close to the explosion pressure.

At this stage, the

force generated by the borehole pressure is in equilibrium with
the resisting force of the rock (e.g., cohesion force, strength,
and friction force). Therefore there is no rock movement until
the resisting force is less than the borehole pressure.
When the rock is fragmented and free to move without
restraint, the borehole gas pressure exerts momentum to the rock
and separates the rock from the unbroken bench.
shown in Fig. 3.5.

This process is

Because the rock is pushed outward, the gas

containing volume expands and the gas pressure decreases. When
the gas pressure decreases, it provides less momentum to the rock
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Case 1; detonation and explosion state
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Fig. 3.4 Detonation, Explosion, and Borehole State
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and less burden acceleration.

The pressure-volume relationship

is expressed by the equation of state in equation 2.12.
In the initial movement stage, it is assumed that all the
fragments move out with the same velocity.

Therefore, the moving

distance of the rock is equal to the expanding distance of
theborehole as shown in case 2 of Fig. 3.5. The shape of the
expanding borehole is approximated by a circle. The diameter of
the circle is equal to the initial borehole diameter plus the
moving distance of the rock.
However, in real bench blasting, each fragment has its own
velocity and direction. But at the time when the first movement
occurs, the force accelerates all the fragments, and the
acceleration is based on the size of the fragments.

Since the

initial velocity is zero for most of the fragments, the velocity
of each fragment depends on the acceleration, time, and position
of the fragment. Since the available time is so small in this
stage, the velocity variation among fragments is small. Also,
for the fragments near the borehole or in the middle of the
bench, before they have free spaces in front of them to move they
will leave like an unbroken mass with a constant speed.

Each

fragment can develop its own velocity in a much later stage.
However, time is a very important factor to be considered here.
The borehole pressure will drop very significantly in the first
few milliseconds before each fragment can develop its own
velocity.

Therefore, the assumption seems reasonable in the

first several milliseconds.
A general pressure-volume curve is shown in Fig. 3.6.

P3 is

the explosion pressure and V3 is the corresponding borehole
volume. As the borehole volume increases, the borehole pressure
decreases as represented by the point v4, p4 and the borehole
pressure released at Ps with the corresponding borehole volume
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Fig. 3.5 Blast Casting Process
39

Pressure

Volume

Fig.

.6 Pressure-Volume Relationship in Borehole Expansion State
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(V5) when the rock has separated and allowed the borehole gases
to escape.

The area between the curve and horizontal axis Is the

heave energy which Is the energy In throwing the rocks.
There Is a tine delay between the first Initiation of the
explosive charge and the first rock novenent. The reason is that
the rocks are in force equilibrium for a few milliseconds as
mentioned earlier. The borehole gas pressures are released in
two ways: 1) ejecting the stemming, and 2) pushing the rocks
forward until venting into the air through the broken rocks.
Once the explosion gas products are vented in the air, there is
no further force to exert on the rocks. If the stemming is
ejected too early, the pressure is released too early and the
force exerted on the rock may be too small to cause any breakage
of the rock, or a lower velocity results. Avoiding premature
stemming ejection, means that the borehole pressure is released
through the broken rock and exerts a momentum to the rock
fragments. This momentum depends on the borehole diameter,
borehole pressure, the casting area, and the weight of the rock
mass.
There are three assumptions for this model:
1. There is no rock movement until the rock is totally broken and
free to move.
2. At the time the rocks begin to uncouple, the borehole gas
pressure is equal to the explosion pressure.
3. The calculations are only made for the main breakage area
(casting area).
Assumption 1 is an ideal situation.

For the correct burden

and powder factor, the actual situation is close to an ideal one,
which means that first the shock wave breaks the bench and then
the borehole gas pressure pushes the bench forward. Since the
bench is totally fractured by the shock wave traversing through
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the bench, there is very little energy vested to break the bench
when the borehole gas pressures start pushing the burden forward.
Nearly all the borehole pressure is converted to kinetic momentum
of the bench. However in some cases, this may not be true. When
the powder factor is low or the burden is large, the bench is not
totally fractured and loosened by the shock waves. When the
borehole pressure starts pushing the burden forward, part of the
borehole pressure is used to enlarge the tension cracks and break
the rocks. The bench still exerts an resisting force against the
forward motion exerted by the borehole pressure. It reduces the
values of net forces acting on the bench and the final velocities
of the burden. If most of the gas pressure is used to break the
rock, and the net total forces become very small, the bench might
have a very small velocity or no forward motion at all. The
worst situation among these cases is that the combined shock wave
stress and borehole expansion force is less than the rock
resistant force, where the bench can not be broken up by the
borehole explosion. In these cases, the final velocity is
smaller than the calculated one. The calculated velocity is for
the ideal situation and therefore represents the maximum values
of final velocities.

The advantages of this casting model are:

1. Successfully explains that the borehole gas pressure is the
dominant factor in throwing the rock.
2. The maximum burden velocity can be predicted, based on the
rock properties, explosive properties, and drilling patterns.
3. The borehole gas pressures vs. time relationships can be
predicted and used as a reference value of initiation delay
time.
4. The burden velocity vs. time curve can be obtained.
5. Stemming ejection time is taken into account for the final
burden velocity.
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6. Provides a basis for further study on final spoilpile profile.
Following are the engineering models used for calculating the
final velocity.
1. Finding the impulsive force exerted by the borehole pressure.
Starting with explosion pressure as the initial borehole
pressure calculates the acceleration of the rock mass.
F - Pb . A - M a

eq. 3.3

where:
F = explosion force,
Pb = borehole pressure
A = surface area of the borehole
M = weight of the rock mass in the casting area
a * acceleration of the rock mass
2. Using the acceleration found in step 1, calculate the velocity
and then use the time increment (t) to find the displacement
in this period.
V * V0 + a t

eq. 3.4

s - V0 t + 1/2 a t2

eq. 3.5

where s is the displacement in this time period.
3. Adding the borehole diameter (D) to the displacement (s) gives
the new borehole diameter.
Volb - w/4
where

(D +

s )2h

eq. 3.6

h isthe height of the explosive column.

4. Using the equation of state to find thenew borehole pressure.
V - Volb / Vol0
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eq. 3.7

where Vol0 is the initial volume of the borehole.

For the

different loading densities of the same type of explosives, the
detonation pressure will be different. The higher the loading
densities, the larger the detonation pressures. The relationship
is expressed in eq. 2.13, PeJ ■ p0 D2/( T + 1). The explosion
pressure is roughly 45% of detonation pressure. It means there
is a direct relationship between loading densities and explosion
pressures. The higher the loading densities, the larger the
explosion pressures. A conversion factor K is introduced for
different loading density where K " p / p0. The equation
becomes :
w
w
wE
P = K [ A (1
)e'Riv + B ( 1 ------ )e**2v + ---- ] eq. 3.8
RjV

E ■

A e*Riv
' " ' --R,

RgV

+

B e‘R2v
R2

■■

V

C
+..... —
w V**

eq.3.9

5. Go to step 1 and repeat the whole procedure until the gas
products vent into the air, or the gas pressure becomes too
small to take into account.
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IV. Description of computer program
Proper blasting designs require the careful consideration of
many variables. To determine the effects of simple design
changes, repetitive calculations are required.

To reduce the

time of calculations, a computer program "ROCKFRAG", which is
based on the theory and algorithms proposed in the third chapter,
is used to predict the blasting effects. The time required for
calculations reduces from several hours to several seconds.
Quick and reliable predictions can be obtained by using
"ROCKFRAG". With the rapid calculating capability of modern
computers, "ROCKFRAG" can calculate the blasting performance in a
precise and efficient manner, which allows the blast designer to
estimate the blasting effects.
Some of these variables are controllable, such as drilling
pattern ( e.g., burden, spacing, stemming, and initiation
sequence ), and explosive properties ( e.g., types of explosives,
detonation velocity, pressure, energy and explosive strength ).
The rock properties are uncontrollable factors, such as joints,
fractures, tensile strength, p-wave velocity, and density.
The main task of any blast designer is to find the optimal
values of controllable factors to obtain the best blasting
performance. "ROCKFRAG" can help to reduce the number of field
trial shots necessary to get the best blasting effects. However,
there are some limitations and uncertainties about "ROCKFRAG".
This chapter is a general description of input, output data, and
limitations of "ROCKFRAG".
4.1 Input Data Description
A. Drilling pattern
Burden, spacing and initiation sequence are major variables
which affect the fragmentation and burden velocity. Burden is
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defined as the shortest distance between the borehole and the
nearest free face. Spacing is defined as the distance between
two adjacent boreholes. Burden, spacing, and hole depth
determine the rock volume broken by each borehole. The values of
burden and spacing vary from borehole to borehole in a typical
bench. Especially in an irregular shaped bench, the burden and
spacing values could be very much different from the initial
design values. The blast designer should maintain the designed
burden by following closely the bench shape while constructing
the borehole layout. If the blast designer is not careful
enough, or the driller is not accurate enough, the burden and
spacing values are no longer the designed values.
Since burden and spacing are the most important in blasting
performance, a good and useful model must be able to consider the
actual burden and spacing of each borehole. The design values
are sometimes misleading.

The only way to find the actual burden

and spacing is by examining them hole-by-hole in the actual bench
layout. The hole-by-hole analysis method can measure the effects
of burden and spacing and determine the angle of breakage and
rock volume broken by each borehole.
To determine the burden and spacing, the input data of
"ROCKFRAG" consists of two parts: bench information and borehole
information.
bench.
bench.

Bench information contains shape information of the

An X-Y coordinate system can be utilized to reference the
The left upper corner is (0,0) and X values increase from

left to right.

Y values increase downward.

Borehole information

contains loading density (g/cc), diameter (cm), length of powder
column (m), initiation sequence, and X-Y coordinates of each
borehole. Fig. 4.1 shows how to express this information.
"ROCKFRAG" uses these two groups of information to determine the
actual burden, spacing, angle of breakage, and rock volume broken
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by each borehole.
B. Initiation Sequence and delay tine
The initiation sequence is an important variable which affects
the blasting performance.

The detonation of the first borehole

will create free faces for the subsequent boreholes.

The created

free faces influence the breaking mechanism of subsequent
boreholes. The input order of borehole information of "ROCKFRAG"
should be followed by initiation sequence. "ROCKFRAG" will use
the same order to follow the initiation sequence of each
borehole.
The effect of delay time on fragmentation was conducted by
Winzer11 (1983). In his experiment, the best delay time was 2 ms
per foot of spacing.

However, the effect of delay time on

fragmentation does not differ significantly in the normal range
of delay time in blasting practice. Therefore "ROCKFRAG” does
not consider the effect of delay time.
C. Stemming
Stemming is used in blasting operations to help contain
explosive gases as long as possible. Stemming can reduce
airblast and improve fragmentation.

With properly stemmed

blasts, stemming is contained until some burden movement has
occurred.

Stemming ejection time is related to burden movement.

If stemming is ejected too early, borehole gas is released and
gas pressure drops very quickly. It results in much less burden
movement or no movement where the bench is not broken. Poor
stemming can be detrimental to any blasting operation and produce
very large fragments. Stemming ejection time indicates how long
the explosion gas pressure is contained in the borehole, which is
the main energy to throw the rock mass.
"ROCKFRAG” u s e s stem m ing e j e c t i o n tim e a s t h e c o n t a in in g tim e
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Plan View

(0 ,0 )

(5,4)

( 6 , 8)

( 1 3, 4 )

(1 0 ,8 )

( 17, 4)

(1 4 , 8 )

(3, 12)

( 1 8, 8 )

( 20 , 12)

burden « 4 m
spacing * 4 m

Figure 4*1 X-Y Coordinate in Bench Data
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for explosion gas pressure in the borehole,

stemming ejection

time varies from borehole to borehole, but the difference is
small in most cases. It can be calculated by theory or measured
by high speed camera. In most mining practice, stemming is
satisfactory to give good blasting effects. Premature stemming
ejection should be prevented.
D. Explosive
There are
explosives.
2) pressure,

types
basically four different types of commercial
Each explosive has its own 1) detonation velocity,
3) strength, and 4) energy. These properties vary

with borehole diameter, loading density, temperature, and weather
conditions. The ideal detonation velocity varies from 3700 m/sec
to 6100 m/sec, and detonation pressure from 0.055 Mb to 0.13 Mb,
for different types of explosives as shown in Table 3.1.
Cunningham and Sarracino38 had estimated explosive strength based
on the composition of explosives as given in Table 4.1.
Comparing different types of explosives in field conditions,
and selecting the right type of explosive suitable for a specific
field condition are the major tasks of blast designers.
Selecting the proper explosive minimizes cost and maximizes
results. Also, it is beneficial to select another type of
explosive, when the weather condition changes ( winter, summer,
dry or wet ) or bench geological conditions vary. "ROCKFRAG" can
be used to predict the performance of different explosives and
help to select the right explosive type adjustable to the
changing environment.
E . Borehole diameter
The critical diameter depends on the type of explosive. Each
explosive has its own diameter-velocity curve. If the borehole
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diameter is less than the critical diameter, the detonation
process will not support itself and will be extinguished.
C r i t i c a l d ia m e te r a l s o depend s on t h e c o n fin e m e n t o f t h e
b o r e h o le .

Borehole diameter will affect the blasting performance. For
smaller diameter boreholes, the non-ideal detonation process
occurs. The detonation velocity and pressure will be less than
the ideal values, and decrease the fragmentation and burden
movement.

When using blasting agents in small diameter

boreholes, sometimes a high detonation primer is used to boost
the detonation velocity of the blasting agents and maintain a
constant detonation condition.
The effect of borehole diameter on detonation properties is
significant. Host blast designers are aware of this and avoid
using small borehole diameters. The normal range of borehole
diameter in mining practice is from 6 to 12 inches which gives a
detonation velocity from 4500 to 5000 m/sec for ANFO.

The

difference of detonation velocity and pressure within this range
is not significant.
F. Loading density
The explosive density is one of the important properties that
should be considered in blast design. The density of most
commercial explosives ranges from 0.8 g/cc to 1.6 g/cc. ANFO and
aluminized ANFO are in the low density range 0.8 to 1.15 g/cc.
Cartridge explosives ( slurry or dynamite ) are in the high
density range 0.9 to 1.6 g/cc.
Loading density is commonly measured by dividing the weight of
explosives over the borehole volume. Loading density affects the
explosive quantity in the borehole, detonation velocity,
pressure, and energy. However, an explosive's sensitivity can be
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reduced or destroyed by an excessive increase in density.

If the

density becomes too high, the critical density is exceeded and
the explosive will not detonate. This phenomenon is called dead
pressed.
Powder factor has long been used' as the primary design factor.
Loading density, powder column length, burden, and spacing
determine the powder factor. When blasting agents are loaded
into a borehole, the loading density is determined by the loading
equipment and skills of the loaders, since these two factors are
fixed, the loading density in the same bench should not differ
significantly from borehole to borehole.
6. Geological structure
Rock properties are the uncontrollable variables in blast
design considerations. Blast performance is influenced by
geologic structure and rock strength. In almost every mining
practice, the rocks are far from homogeneous. There are joints,
bedding planes, mud or soft seams which have a major effect on
blasting performance. Soft seams, such as mud layers, cause more
problems than other geological features.

They allow an almost

instant release of the explosion gas pressure, due to their low
shear strength among the layers.

When the explosion pressure

acts on mud seams, they often move like a hydraulic fluid and
release the explosion pressure. The fragments in the mud seams
can be thrown a significant distance and cause poor
fragmentation. Bedding planes, depending on their location, can
cause rock to overhang the face, unexpected spoilpile height, toe
problems, back breakage, and difference in fragmentation in each
rock layer.
The joint direction and orientation affect blasting
performance. The work of Ash29 (1973) showed that better
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fragmentation occurs when drill holes are oriented along lines
perpendicular to the most prominent joint face of the rock mass.
Large fragments result from those lines of drill holes parallel
to that joint face.
Joints cause multiple reflections and refractions of strain
waves. When there are open joints opposite to the borehole, the
joints act as a free face and cause reflection of strain waves,
which results in increased fragmentation in that zone, and large
fragments on the other side of the joints.
If the joints are near the borehole, the explosion gases
escape through them and cause a sudden drop in borehole pressures
which result in poor fragmentation and less burden movement.
Joints cause stress concentration zones, and new fractures are
created along these preexisting discontinuities.
Local geological conditions are often very difficult to
assess, and have a significant impact on the blasting
performance. The effects of geological conditions vary from
borehole to borehole. Due to the complex conditions of
geological structure in mining practice, it is very difficult to
predict the precise geological effects on blasting performance.
The use of empirical formulas to predict geologic effects would
certainly cause some errors, but it might best handle some
general blasting effects due to geological structure.
H. Rock strength
Rock strength, as well as geological structure, is also an
important factor in blasting performance. Rock basically has
three different types of strength: compressive strength, tensile
strength, and shear strength.

Rock is much weaker in tension

than in compression. When shock waves pass through rock, they
cause tensile failure around the discontinuities in the rock.
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Host of the rock breakage occurs in tension.

Tensile strength of

the rock is the key factor to determine rock resistance.
Compression failure only occurs around the borehole. Worsey30
(1986) suggested that compressive strength of the rock has no
major effects on blasting performance. He also stated that the
brazilian tensile strength is related to blasting performance.
Since brazilian tensile test is the easiest method to obtain the
tensile strength, "ROCKFRAG" uses this test value as the input
tensile strength to predict the blasting performance.
The rock property information is usually obtained by
laboratory experiments. Mohanty37 presented rock properties for
four types of rock as shown in Table 4.2. Cook10 also presented
rock properties for nine types of rock as listed in Table 4.3.
4.2 Output data description
A. Angle of breakage
Angle of breakage by blasting determines the rock volume of
the main breakage area of each borehole. "ROCKFRAG" can predict
the angle of breakage by applying the theory proposed in the
previous chapters.

However, joints and discontinuities have a

tendency to influence the angle of breakage.

When there are

joints around the boreholes, the breakage lines tend to be the
discontinuity face. Therefore the angle of breakage predicted by
"ROCKFRAG" is usually different from the actual one. In some
cases, if there are numbers of badly weathered joints in the
bench, the actual angle of breakage is determined by the angle
between the set of joint faces.
The other important factors in controling the angle of
breakage are explosive properties, burden, and rock tensile
strength. Langefors5 has shown that decreasing the burden
increases the angle of breakage. Also higher rock tensile
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strength decreases the angle of breakage.

Higher explosive

quantity, or higher detonation pressure of the explosive,
increase the angle of breakage. The angle of breakage predicted
by "ROCKFRAG11 is calculated by using these three variables: rock
tensile strength, burden, and explosive properties. Burden is
computed by "ROCKFRAG” using the hole-by-hole analysis method.
B. Average fragment size and distribution
The average fragment size and size distribution curve are
predicted for each borehole and the summation of all size
distributions in each borehole are presented at the end. The
average size is computed by following the algorithm in chapter 3.
The broken areas for each borehole are shown on the video screen.
The larger the broken areas of boreholes, the larger the average
fragment size. For an irregular bench and drilling pattern, the
broken areas for each borehole are different. Therefore, the
average fragment size for each borehole is different. Sometimes,
the difference might be very significant for a poorly designed
drill bench.

The main task of blast designers is to keep this

difference small and keep the average fragment size close to the
designed value.

The average fragment size is an important factor

in subsequent operations. If there are oversized fragments which
require secondary blasting, the time and money wasted in this
kind of operation can be very costly. "ROCKFRAG” can be used to
predict these areas. These areas can be found by looking at the
broken areas of each borehole displayed on the output screens.
The ones with large and long irregular shaped areas are most
likely to produce oversized fragments. Increasing the powder
factor in these borehole areas, or drilling a new borehole into
these areas might assist in correcting these problems.
The average fragment size for each borehole is presented in a
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tabular format.

It also displays burden, spacing, broken

volumes, angle of breakage, and average fragment size in the same
table.

The size distribution curve is plotted on the video

screen for each borehole.
C. Burden velocity and movement
The burden velocity can be measured by utilizing high speed
camera. However, when a bench is moving in the forward
direction, the velocities and directions of movement of the
broken mass inside the bench will be different. Each fragment
has its own velocity and moving direction. It would be very
difficult and impractical to measure every rock's velocity by
high speed camera. However, if the difference between velocities
is small, an average burden velocity can be obtained.
The burden velocity computed by "ROCKFRAG11 is an average
burden velocity. Also, it assumes the moving direction of the
bench to be perpendicular to the bench face to calculate the
center of mass movement at this stage. This assumption fails to
consider the fact that the moving directions of broken rocks vary
along the vertical direction of the bench.

The assumption

overlooks this fact and simplifies the calculations of movement.
Therefore, predictions of the moving distance of the rock mass
will not be very accurate.
The velocity distribution of the burden is not uniform. It
tends to have less velocity at the toe area, a larger velocity at
the middle, and a medium velocity at the top. Due to these
factors, the final spoilpile profile can not be found by burden
velocity alone.

To relate the average burden velocity with

velocity distribution and direction will be an interesting next
step to extend this research.
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water
Explosive
name
%
15
Emulsion
15
Emulsion
14.75
Emulsion
13.5
Emulsion
9
Heaw ANFO
Heavy ANFO
9
9
Heaw ANFO
9
Heaw ANFO
12
Heaw ANFO
12
Heaw ANFO
0
ANFO
0
ANFO
0
ANFO
0
ANFO
0
ALANFO
ALANFO
0

AN
CN
%
%
9
69.5
79.5
0
0
75.5
71.5
0
0
38
38
0
25.5 12.5
25.5 12.5
33
0
33
0
94
0
97
0
92
0
94
0
90
0
86
0

FO
%
6.5
5.5
5.25
5
6
6
7
7
8
8
6
3
8
6
5
4

A1
%
0
0
5
10
0
0
0
0
0
0
0
0
0
0
5
10

ANJpp) Density Strength
g/cc
0
1.2
78-91
80-94
0
1.2
97-109
0
1.2
112-126
0
1.2
89-108
47
1.3
88-100
47
1.1
88-103
46
1.3
87-96
46
1.1
82-98
47
1.3
79-91
47
1.1
100
0
0.8
68-77
0
0.8
92-96
0
0.8
100-105
0
* 0.9
110-120
0
0.9
118-132
0
0.9

Table 4.1 Explosive strength based on composition
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Rock Tvoe
Density
(g/cc)
Longitudinal
Wave(Km/s)
Shear Wave
(Km/s)
Poisson1s
Ratio
Young1s
Modulus(GPa)
Compressive
Strength(MPa)
Brazilian
Tensile(MPa)
Dynamic
Tensile(MPa)

Granite

Quartz-diorite

Griesen

Limestone

2.58

2.81

2.84

2.78

5110

5000

5570

5100

3020

3240

3610

3230

0.23

0.14

0.14

0.17

58.0

45.2

84.2

67.5

125

180

215

198

8

15

16

11

32

56

67

51

Table 4.2 Rock properties published by Mohanty
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Rock Tvoe
Marble
Density
(g/cc)
2.7-2.9
Longitudinal 5.3-6.4
Wave(Km/s)
—
Poisson's
Ratio
Young's
20-100
Modulus(GPa)
Compressive 60-250
Strength(MPa)
Brazilian
2-6
Tensile(MPa)

Limestone Granite Sandstone Shale
2.3-2.5
2.6-2.7 2.1-2.6
2.7
5.6

2.9-5.0

3.05

—

—

0.26

0.24-0.32 0.2-0.3
10-70

50-90

30-250

150-290 30-240

3-8

Rock Tvoe
Greenstone
Density
3.02
(g/cc)
Longitudinal
5.2
Wave(Km/s)
Poisson's
0.15
Ratio
Young1s
80
Modulus(GPa)
Compressive
300
Strength(MPa)
—
Brazilian
Tensile(MPa)

7

Basalt
3.0
6.6

85
80-360
15

70-230
—

9

Taconite Quartzite
2.17
3.23-3.44
5.1-5.9

0.33

70-100

5-45

5.0

0.26-0.24 0.28-0.15
91-102

69

330-440

380

20-30

18

Table 4.3 Rock properties presented by Cook
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▼. Application
There has been considerable research experimentation conducted
in rock fragmentation and burden velocity. However, not all the
published data can be used to verify the theory. Some data does
not have enough input information about explosive types, rock
properties, and drilling patterns. Most of the published
literature contains only part of the required input information.
The missing input data in this study was substituted for by using
average values. Therefore this substitution will certainly cause
some prediction errors. Also, there are no published works that
have the complete blasting performance which includes 1) angle of
breakage, 2) average fragment size, 3) size distribution, and 4)
burden velocity.

So for each comparison with the literature,

only part of the blasting performance can be verified.
Accurate measurement of blast fragmentation from published
literature should be used to verify the theory. Currently, there
are three methods to determine the fragmentation:
1) Boulder counting and visual estimates
This method could be time consuming if it requires an accurate
analysis.

However, this method is inexpensive and very useful in

determining the oversized boulders.
estimate.

It can be used as the first

However the analysis can be very rough.

2) Sieving
Sieving has been used extensively in scaled down blasting
tests. It is too time consuming and expensive to sieve full
scale production shots. The resulting data can be very
dependable. This method is the most accurate method of all.
3) Photographic methods
Photographic methods have been used to determine the fragment
size in recent years.

It can measure fragment size by either an

image analyzing computer or by manual operations.
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This method is

quick and inexpensive in determining the fragment size. However,
this method might only measure fragments on top of the spoilpile
which can be seen in the picture. The largest fragments appear
to have a tendency to be thrown to the bottom, and the smallest
to rise to the surface. This could result in a sampling error
and statisticaly biased measurement.
High speed cameras are used to measure the burden velocity and
usually give fairly accurate readings of the average velocity.
The spoilpile profile can be pictured by the camera. The casting
distance can be measured manually. Comparisons between published
literature and theoretical data are listed case by case.
However, due to the complex nature of rock properties, the
predicting error is expected. The case with predicting error
within 25 % is considered to be in good agreement.
5.1 Verification of "ROCKFRAG" bv literature work
a. Case 1:
The first case was conducted at Lulea University of
Technology30 at Gotland, Sweden. The full size field tests were
performed at NORDKALK AB's limestone quarry Storugns on the
island of Gotland. The following technical data were obtained in
the field.

The Brazilian tensile strength in the competent

layer, ranged between 6.59 and 9.42 MPa, with a mean value 8.25
MPa measured perpendicular to the bedding planes.

The values

were between 5.81 and 9.84 MPa, with a mean value of 7.88 MPa
parallel to the bedding planes. The density was 2.66 gm/cm3 with
a range from 2.65 to 2.68 gm/cm3. P-wave velocity parallel to
the layers was 6100 m/s with a range from 5800 to 6400 m/s. The
measured velocity was 6200 m/s, ranging between 5800 and 6600
m/s, in the direction perpendicular to the layers.
The bench height ranged from 16.9 to 17.6 m.
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Borehole

diameter was 9.5 cm. Bottom charge was loaded with 33 kg Dynamex
M cartridges. Column charge was filled with 75 kg ANFO. The
burden was tested at 7 different lengths (1, 2, 2 , 4, 5, 6,and 7
m). The fragmentation was measured by photographic methods.
The missing input information are explosion pressure,
explosive strength, energy, detonation velocity, Young's modulus,
and rock factor. The explosives used were ANFO and dynamite.
Since they were loaded into a small diameter borehole, a non
ideal detonation would have occurred. The input data are
predicted with the average values and adjusted for the small
borehole influence.

The following assumed input data were used:

explosion pressure = 15 Kbar,
detonation velocity » 4000 m/sec,
explosive strength = 110;
explosive energy - 900 Kcal/Kg,
Young's modulus - 8.0 * 106 psi,
rock factor = 0.06*(20+30+2.66*1.1*25-50+40/3) * 5.2.
The comparisons between the published data and predicted ones
are listed in Table 5.1.
Burden

Angle of Breakage

(m)
Experiment ROCKFRAG
140
136.1
2.1
3.0
126.0
123
4.2
113.9
130

%A
2.7
2.4
12.4

Center of Movement [»)
Experiment ROCKFRAG %A
32
37.0 15.6
8.3
30
27.5
18
20.8 15.5

Table 5.1 Center of Movement Comparison in Case 1
** t A is calculated by the experiment value divided by the
difference.
The comparisons of angle of breakage and mass movement between
the experimental data of the published literature and computed
data are very close. The result of the comparison of the average
fragment size among the experimental data, forecasted by the
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Swedish Detonic Research Foundation (SDRF), and predicted by
"ROCKFRAG” are shown in Table 5.2.
(.

Burden (m)
2.1
3.0
4.2

1
Averaqe 5'racnnent size (cm)
Experiment SDRF ROCKFRAG %A
23.5
13.0
80.1
80.8
3.8
32.7
34.0
118.0
43.6
14.7
38.0
155.0
Table 5.2 Size Comparsion in Case 1

From the comparisons, the predictions of "ROCKFRAG” are in
good agreement.

It can be concluded that the application of

"ROCKFRAG” to case 1 was successful.
b. Case 2:
The second case was conducted by the Swedish Detonic Research
Foundation at Mrica on the island of Java in Indonesia31. The
bench was a competent andesite with a porosity of a few percent.
In larger areas, the porosity was up to 20 %. Its density ranged
from 2.4 to 2.5 gm/cm3. Young's modulus was between 25 and 40
GPa. The P-wave velocity was from 3400 to 4600 m/s. The
brazilian tensile strength was measured between 7.4 and 8.1 MPa.
The average fracture spacings were 2 to 7 m. The bench height
was 10 m in the northern part of the quarry and 15 m in the
southern part.

The borehole diameter was 7.6 cm.

2.5 m and spacing was 3.0 m.

The burden was

Rock factor was 4.45.

The bottom charge was loaded with 6 sticks 65*400' mm Gelignite
with a linear density of 4.5 Kg/m.

The stemming was 1.5 m of

cuttings in the 10 m benches and 2.0 m in the 15 m ones. The
weight strength of the Gelignite is 10% to 15 % higher than that
of ANFO.

The ANFO column used had a linear density of 3.7 kg/m.
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The measured detonation velocities of ANFO and Gelignite were
3500 and 5500 m/s. The fragmentation was measured by the
following methods: visual inspection, counting of boulders,
sieving, and photographic methods. Samples weighing 8 to 12 tons
were selected for hand sieving from the centers of the piles.
Each sample contained roughly 0.1 % of a spoilpile. In
photographic methods, each picture covered 0.2 % of the spoil
pile. The pictures were evaluated by computer analysis. The
total error was estimated to be 25 %. The following data were
used for input information.
explosion pressure = 15 kbar,
explosive energy = 900 kcal/kg.
The tests were conducted to determine the correlations among
the average fragment size,
ratios. There were twelve
reported. The comparisons
"ROCKFRAG" predictions are

Blast Spacing Bench
Height
No.
(m)
(ml
3.0
10
1
2
3.5
10
3
3.5
10
3.0
15
4
5
3.0
15
3.0
15
6
15
7
3.0
3.0
15
8
9
3.0
15

spacings, and different ANFO/Gelignite
production blasts, nine of them were
between the test results and
shown in Table 5.3.

ANFO
%

Avq. Fraoment size (cm)

Experiment ROCKFRAG
15.8
58
16.6
13.4
15.9
0
16.6
20
14.8
19.3
72
15.8
19.3
71
18.0
69
21.9
19.1
17.8
18.2
41
17.3
18.1
15
16.8
0
15.5

%A
5.1
18.7
12.2
22.2
7.2
12.8
2.2
4.4
8.4

Table 5.3 Size Comparison in Case 2
The comparison between the experimental data and predictions
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by "ROCKFRAG" is in good agreement. It is concluded that the
theory is successful in predicting the average fragment size in
case 2.
c. case 3:
The third case includes results of six full scale test blasts
in a limestone quarry represented by Mohanty32. The bench height
was 6.3 m in a homogeneous limestone formation. It had three
orthogonal joint sets. The rock density was 2.6 gm/cm3. The Pwave velocity was measured at 5100 m/s. Young's modulus was 660
kb. The borehole diameter was 7.5 cm. Burden was 2.4 m and
spacing was 2.7 m. The average stemming was 1.2 m.
The explosive was plastic-wrapped, containing 0, 5, and 10 %
aluminum.

The diameter was 6.5 cm.

The explosive density was

1.12 g/cm3, detonation velocity was 5100 m/s, explosion pressure
was 28 kb, and explosion energy was 2.76 MJ/Kg for 0 % A1
explosive type. For 5 % A1 explosive type, the explosive density
was 1.15 g/cm3, detonation velocity was 5050 m/s, explosion
pressure was 34 kb, and explosion energy was 3.09 MJ/Kg. For 10
% A1 explosive type, the explosive density was 1.2 gm/cm3,
detonation velocity was 5050 m/s, explosion pressure was 36 kb,
and explosion energy was 3.45 MJ/Kg.
The fragmentation was measured by photographic analysis of the
spoilpile. The burden velocity was measured by high speed
photography. The velocity of detonation was measured with
standard copper tube-resistor probes.
The missing input information was rock factor, which could be
estimated by using uniaxial compressive strength. However, the
compressive strength value was missing also. The following data
were assumed for input information. Rock factor is predicted by
equation 2.7.
<4

rock factor - 0.06*(50+25*2.6*1.1-50+198/5) - 6.67,
ANFO strength - 100,
5 % A1 ANFO strength - 115,
10 % A1 ANFO strength ■ 126.
The blasting results and the comparisons with the "ROCKFRAG"
predicted data are listed in Table 5.4.

Center of Movement
Explosive Ava. Fragment size fern)
A1 %
Experiment ROCKFRAG % A Experiment ROCKFRAG
15.3
22.5
62.5
10.5
60
0
2.3
16.0
22
21.5
18.0
5
20.5
51.2
19.0
19.5
10
42

(m)

%A
45.7
12.5
2.6

Table 5.4 Cmparsion in Case 3
The center of mass movement compares favorably, but the
predicted average fragment size for 0 and 10 % A1 types of
explosives do not compare well with the experimental data.
However, in his paper, Nohanty had pointed out the need for a
more accurate method of assessing the fragmentation. Also, the
rock factor used for this experiment needs to be adjusted to the
correct value.
d. Case 4:
This case was conducted in the 15.1 m bench by Winzer34. The
bench consisted of a moderately coarse grained massive formation
granite.

The explosive used was Atlas Apex 260, an emulsion

explosive with a detonation velocity of 5330 m/s.

The borehole

diameter was 8.9 cm. Burden was 3.2 m and spacing was 3.05 m.
stemming was 2.53 m and the length of charge column was 12.56 m.
The rock density and explosive loading density were missing.
Also rock factor data and explosive information were incomplete.
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The following input data were assumped.
rock factor - 0.06*(50+25*2.58*1.1-50+125/5) - 6,
explosion pressure - 25 kbar,
explosive energy «■ 900 kcal,
rock tensile strength « 8 MPa * 1160 psi,
Young's modulus ■ 8.4 106 psi.
The fragmentation was assessed by photographic methods.

The

measured fragment size distribution was compared with predicted
values in Fig. 5.1.

The comparisons are very good.

e. Case 5:
This case was conducted by Chiappetta35 to find the burden
velocity at different burdens, rock formation, and explosive
types. Dolomite had a density of 2.98 gm/cm3 and its Young's
modulus was ranging from 2.0 to 3.1 * 106 psi. The p-wave
velocity ranged from 4877 to 6096 m/s.

The compressive strength

was ranging from 22000 to 27000 psi, and the tensile strength
wasranging from 4.0 to 9.0 * 106 psi. The p-wave velocity ranged
from 3962 to 5486 m/s. The compressive strength was varied from
28000 to 40000 psi.
The explosives used were emulsion blasting agent and high
explosive emulsion.

There were two borehole diameters used: 6.5

inches and 3.5 inches.
varied.

The loading density and bench height

The following values were used for input data,

granite tensile strength ■ 1160 psi,
explosion pressure = 25 kbar,
explosive strength =“100.
The burden velocity was measured by a 16 mm high speed motion
picture camera. The camera had a variable speed range adjustable
from 2 to 500 frames per second. Most filming was performed with
the camera set between 300 f/s to 500 f/s. The blasting results
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and comparisons are listed in Table 5.S.
Rock
Burden Bench Borehole Explosive
Formation (m) Ht(m) Dia(in)
Wt(Kg)
Dolomite
Dolomite
Dolomite
Granite
Granite
Granite
Granite
Granite
Granite

3.57
3.81
3.51
3.17
2.31
2.96
2.65
3.21
3.14

35.8
36.8
37.8
11.3
11.4
11.4
8.2
8.2
8.2

6.5
6.5
6.5
3.5
3.5
3.5
3.5
3.5
3.5

163.4
136.2
163.4
50.0
49.0
49.0
32.7
32.7
32.7

Velocity (m/sec)
Experiment ROCKFRAG
13.7
15.8
7.6
10.9
18.1
15.8
22.7
7.3
32.3
21.6
26.9
18.9
22.5
15.2
14.6
17.7
14.2
14.9

%A,

15.3
43.4
14.6
210.
49.5
42.3
48.0
21.2
4.7

Table 5.5 Burden Velocity Comparison in Case 5
The predicted burden velocities are higher than the
experimental values. In most of the cases, the differences are
within a reasonable range with three exceptions. In these cases,
the burden velocity might be influenced by premature ejection of
the stemming, or a mud seam within the bench to cause early
release of the explosion pressure. The experimental burden
velocity was below the normal range in these cases.

Hence, the

predictions are in good agreement and application of "ROCKFRAG"
to case 5 is successful.
f. Case 6:
The sixth case was conducted by Stagg36 in a 22 ft bench.

The

test was in a thin to thick horizontally bedded dolomite, six
full scale single row blasts were shot at a 6 ft burden at delays
of 2 to 48 ms.

The spacing was 5.75 ft.

All of the fragments

were screened in the first four shots.
The boreholes were drilled 22.75 ft deep and loaded with 13
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sticks of 2 inch diameter extra dynamite.

The weight of

explosives was 27 lb. in each hole. The stemming was 6 to 7 ft.
The detonation velocity was measured at 4328 m/s by using three
fiber optic cables. The p-wave velocity was measured at 4877
m/s. The following input data were used. Rock factor was
calculated by equation 2.7.
rock factor - 0.06*(20+30+2.7*25*1.1-50+18/3) - 4.815,
explosion pressure - 30 kb,
explosive strength - 115,
explosive energy » 880 kcal,
rock tensile strength = 800 psi,
p-wave velocity = 4877 m/sec,
Young's modulus = 8 * 106 psi.
The comparison of the size distribution data is presented in
Fig. 5.2.

The comparison is not good.

much smaller than the experimental data.
information on rock properties.

The predicted data are
There is insufficient

The missing input rock

information are rock density, Young's modulus, tensile strength,
compressive strength, and geological structure information. It
is understandable that the predictions do not correlate well with
the experimental data. This illustrates the importance of rock
properties.
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5.2 Verification bv hand calculations
The next two cases will be calculated by hand to show how to
follow the step by step algorithms.

Also, it will show how

complex the hand calculations are, so users can appreciate the
computer applications.
a. Case 7:
This analysis has been applied to work performed by the U.S.
Bureau of Hines20 (1973). The test blasts were in a limestone
bench with bench height equal to 0.75 m. They screened the
entire spoil pile to determine the fragment size distribution.
The explosive was straight dynamite with a density of 1.14 g/cm3,
and energy of 880 kcal/kg.

The drilling pattern was rectangular

with a burden 38 cm and spacing 57 cm. The bench height was 76
cm and borehole diameter was 12.7 mm. The explosive column was
45.72 cm and the powder factor was 0.37 kg/m3 . The P wave
propagation velocity (c) was 5765.6 m/sec. Young's modulus of
the rock was 8 * 106 psi. Tensile strength of the rock was 737
psi. The rock density was 2.7 g/cm3.
Step 1. Find the breaking angle of each hole.
strain = E/(p*c2) * 6.62*10‘3 (R/Vqe)'1*2
E » 880 Kcal/Kg = 4.2 * 109 J/m3
strain- 4.2*109/(2.7*103*5765.62)*6.62*10'3 (R/Vqe)'1*2
strain » 3.098 * 10'* * (R/Vqe) "1*2
stress - strain * Young's modulus
stress- 8*106 * 3.098 *10'4 * (R/Vqe) *1*2
stress = 2.478 * 103 * (R/Vqe)'1*2
qe = 1.14 * r/4 * (1.27)z/10 - 0.1444 kg/m
when R - 61.58 cm, the stress - 1201 psi
1201 * cos 52° - 739 psi > 737 psi
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So the breaking point is at R - 61.58 cm with the angle of
breakage equal to 104 degrees. The main breakage area was found
by connecting these two breaking points with the borehole.
Step 2. Divide the area (as in Fig. 3.3) to calculate the blasted
rock volume of each hole.
v1 - (0.256 m2) (0.76 m) - 0.194 m3
v2 - (0.218 m2) (0.76 m) = 0.166 m3
V3 = (0.225 m2) (0.76 m) “ 0.171 m3
Total volume - 0.194+ 0.166 + 0.171 * 0.531 m3
Step 3. Calculate the explosive charge in each hole.
Q - (1.14 g/cm3) (r/4) (1.61 cm2) (45.72 cm) - 66 g = 0.066 kg
Step 4. Calculate X for each area
rock factor « 0.06*(50+2.7*25*1.1-50+198/5) - 7
X, “ (7) (.1194/.066)0,8 (.066),167 (90/115)‘*633 - 12.3 cm
X2 » (7) (.166/. 066)0,8 (.066) *167 (90/115)’’633 = 10.8 cm
X3 = (7) (0.171/.066)0-8 (.066) *167 (90/115) *l633 - 11.12 cm
using E = 90 for the 60% extra dynamite in this small diameter
hole.
Step 5. Calculate n from equation 2.9, n = 1.335
Step 6. Calculate Xe from equation 2.8
Xc1 = 16.18 cm
Xc2 14.21 cm
X^ = 14.64 cm
Step 7. Calculate the R values from equation 2.7 and list in
Table 5.6.

72

Screen Size
(cm)
3.81
7.62
15.24
30.48

*1
13.50
30.65
60.28
90.61

*2

*
15.28
34.19
65.20
93.31 I

15.8
35.3
66.6
93.7

Table 5.6 Size Distribution in Case 7
Step 8. Sum up to obtain the total distribution using equation
3.1 as given in Table 5.7.
Screen size (cm) Calculated (%) usbm Data(%)
14.9
14.79
3.81
33.2
33.24
7.62
60.4
63.84
15.24
92.45
95.0
30.48

% A
0.7
0.1
5.7
2.6

Table 5.7 Size Comparison in Case 7
The comparison between the calculated values and field data is
excellent. They are presented in Fig. 5.3 to show the
comparison.
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b. Case 8:
The theoretical development is applied to a full scale,
surface coal mine, blast casting design. The site selected and
blast round design variables used are from Rollins21. The
calculations here are simplified to show how to apply the theory
for blast casting.

The complete calculations are too complicated

and it is suggested to use the computer program to do the task.
A rectangular pattern of 7.3 m by 8.5 m was used with a hole
diameter of 23 cm, hole depth of 21.3 m, powder column of 17.37
m, explosive density of 1.3 g/cm3 of emulsion which has a
detonation pressure of 130 Kbar (Bauer22, 1984}, and powder
factor of 0.74 kg/m3. The tensile strength of the rock is 1000
psi. Young's modulus is 8*106 psi. The explosive is poured
ANFO(ammonium nitrate fuel oil blasting agent).
propagation velocity is 5000 m/sec.

The p-wave

The rock density is 2.6

g/cm3.
Step 1. Find the break angle of each hole.
strain = E / (p*c2) * 6.62*10'3 ( R/Vqe)‘1’2
E - 880 Kcal/Kg * 4.2 *109 J/m3
strain - 4 .2*109/(2 .6*103*50002)* 6.62*10*3 (R/Vqe)'12
strain = 4.277 *10'4 (R/Vqe)'1'2
qe - 1.3 * r/4 * (23)2 /10 * 54.01 Kg/m
stress = 8*10* * 4.277 * 10'4 (R/7.35)*1'2
stress - 3.422 * 103 * (R/7.35)'1'2
when R - 12.73 m, the stress = 1770 psi
1770 * cos 55° - 1015.6 psi > 1000 psi
So thebreaking point is at R » 12.73 m with the angle of
breakage equal to 110 degrees. This area is the mainbreakage
area, also the casting area.
Step 2. Calculate the volume of the casting area.
volume - (2.975 * 8.5/2 + 8.5 * 4.325) * 21.3 = 1052.4 m3
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Step 3. Calculate the borehole pressure before any movement.
volbor*hole * 3.1416/4 * (0.23)2 * 17.37 - 0.721 m2
E - 0.7519e'4,1 v/4.1+(-0.008175)e*1'25 v/l»25+0.0117/0.44v°*u
v « volb / 0.721 - 1
£ ** 0*0202
for emulsion of density 1.3 g/cm3, the conversion factor k is
k - 130/50 - 2.6
p=0.7519 (1-0.44/4. lv) e*4*1v-0 .008175 (1-0.44/1.25v) e'1,25 v+0.44*E/v
P - 2.6 (0.021134) Mb - 54.948 * 10® N/m2
force * P * area
area = ir (0.23) * 110/360 * 21.3 force = 4.703 * 54.948 *10® = 25.84

4.703 m2

*109 N » mass * a

mass = volume * density = 1052.4 * 2.6 *103 = 2.736 *106
a - 25 .84 *109 / 2 .736*10® - 9 .445 *103 m/sec2
use 1 millisecond as an interval of time,
vel - vel0 + a * t ■ 0 + 9.445*103 * 10'3= 9.445 m/sec
s = vel0*t + 1/2 a*t2 - 4.723 *10*® m
volb = 3.1416/4 * (0.23+0.004723)2 * 17.37 - 0.752 m3
v = volb /0.721 = 1.042
E= 0.0269, p ■ 0.019297 Mb, P - 0.0502 Mb
force * 4.703 * 50.2 *10® - 2.361 *101° N - mass * a
a = 2.361 *101° / 2.736*10® ■ 8 .629 *103 m/sec2
the 2nd millisecond:
vel = vel0 + a * t - 9.445 + 8.629*103 * 10'3 * 18.074 m/sec
s = vel0*t + 1/2 a*t2 = 13.760 *10*® m
VOlb = 3.1416/4 * (0.24848)2 * 17.37 = 0.8423m3
V - VOlb /0.721 - 1.168
E - 0.02483, p = 0.01368 Mb, P = 0.03557Mb
force - 1.6728 * 1010
a - 6.11 *10® m/sec2
the 3rd millisecond:
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vel « 24.188 m/sec, s - 21.13 * 10*3 m
VOlb -

3.1416/4 * (0.2696)2
*
17.37 v - volb /0.721
1.375
E - 0.0225, p - 0.0065 Mb, P- 0.0169 Mb
force - 7.948 * 109

0.9916m3

a = 2 .905 *103 m/sec2
the 4th millisecond:
vel ™ 27.09 m/sec, s * 2.564 * 10'2 m
volb = 3.1416/4 * (0.2952)2
*
17.37 ■

1.1892m3

v - volb /0.721
1.649
E = 0.0207, p » 0.00552 Mb, P = 0.01435 Mb
force *■ 6 .749 * 109 N
a - 2.467 *103 m/sec2
the 5th millisecond:
vel =* 29.56 m/sec, s = 2.832 * 10*2 m
VOlb - 3.1416/4 * (0.3235)2 * 17.37 - 1.4279 m3
v = volb /0.721 = 1.98

E = 0.01915, p « 0.00389 Mb, P = 0.0101 Mb
force - 4.758 * 109
a - 1.7 39 *103 m/sec2
the 6th millisecond:
vel « 31.30 m/sec, s ■ 3.043 * 10'2 m
volb = 3.1416/4 * (0.3539)2
*
17.37 v » volb /0.721

-

1.7089m3

2.370

E = 0.01786, p = 0.003 Mb, P - 0.078 Mb
force a

3.668

* 109 N

a - 1.340 *103 m/sec2
the 7th millisecond:
vel * 32.64 m/sec, s - 3.197 * 10‘2 m
VOlb -

3.1416/4 * (0.3859)2
v - volb /0.721
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*
-

17.37 2.817

2.0313m3

E - 0.0166, p - 0.00239 Mb, P - 0.0062 Mb
The pressure to this stage Is small and neglected, and the
final velocity Is around 32.64 m/sec.

Table 5.8 shows the

velocity distribution and borehole expansion corresponding to one
millisecond interval. The graphical result is given in Fig. 5.4.
Table 5.8
Time(10'*sec)
0
1
2
3
4
5
6
7

Rock mass movement in one millisecond interval.
Velocity(m/sec)
0
9.455
18.074
24.188
27.090
29.560
31.300
32.640

Diameter(cm)
23.000
23.472
24.848
26.960
29.520
32.350
35.390
38.590

Distance(cm)
0
0.472
1.848
3.960
6.520
9.350
12.390
15.590

step 4. Calculate the throwing distance.
time »
21.3/4.9 »*2.08 second
maximum throwing distance ■ 67.89 m
center of gravity movement » 33.95 m
From the field observation, the center of mass movement ranges
from 90 to 100 ft.

Therefore, the prediction is in good

agreement.
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VI. Discussion and Conclusions
6.1 Discussion
Since the beginning of the use of explosives for blasting
rock, the choice of blasting parameters for a blast round design
has been decided mainly by trial and error.

Originally, the

powder factor was the only parameter used to design the blast
round. Subsequently the energy factor was used as the main
parameter resulting in an improvement. However, the choice of
blast round design by energy factor alone is still inadequate due
to the differences in rock properties, explosive properties, and
initiation sequence.
Then there were guidelines developed for blast designers to
design their blast round.

These guidelines were based on past

blasting experiences which obtained desired fragment size and
spoilpile. However, these guidelines may only work well with
certain types of rock and explosive properties. Most of the
time, the blast designer has to modify the guideline by trial and
error to obtain the desired blasting performance.
An improved procedure of blast design is shown in Fig. 6.1.
After the common design procedure, the blast designers can use
"ROCKFRAG" to predict the blasting performance, and adjust the
blast round design based on the prediction.

Also, the location

which will produce oversized fragments could be detected by using
"ROCKFRAG". This provides an opportunity to examine the blast
round design and a chance to prevent from being produced
oversized fragments.
The predicted blasting performance is not only used to adjust
the blast round design, but also provides the average fragment
size and burden velocity.

The predicted fragment size and burden

velocity can be used to estimate subsequent operations.
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The prediction of the rock factor A in equation 2.7 is the
first approximation of rock properties.

It is suggested that the

user should adjust the rock factor based on previous blasting
performance. The rock factor can be obtained by back
substituting the average fragment size and explosive properties
into equation 2.7. Once the value of the rock
factor
is
obtained, this value is used for the same rock type. "ROCKFRAG"
can predict fragmentation more accurately by following this
procedure.
6.2 Future development
The development of this research has fulfilled several
requirements: 1) It is able to predict the fragmentation, angle
of breakage, and burden velocity before actual blasting. 2)
Predictions are based on explosive properties, rock properties,
and actual drilling pattern. 3) It provides a quick and reliable
method to estimate the blasting performance by using "ROCKFRAG".
However, this research is just the first step and there are
several areas to extend this research work: 1)Relate the
theoretical burden .velocity with velocity distribution inside the
burden, and throwing direction of the broken mass to determine
the final spoilpile profile. A high speed camera can be used to
determine the throwing direction and the velocity distribution in
each region. This would be a challenging job. 2) Improve the
computer program "ROCKFRAG" to contain the drilling, loading, and
hauling operations, so it can be used for mine design. Since the
average fragment size is the major determining factor in loading
and hauling operations, the predicted average fragment size can
be used to combine the entire operation together.

The improved

computer program will provide more help to blast designers and
mine designers. Also, it can be used for cost analysis of
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changing the blasting pattern or explosive type

$.3 conclusions
This work proposes a new method of predicting blasting
results. A detailed blast breakage mechanism is proposed to
formulate an engineering model to proceed with this analysis.
Some of the assumptions of this breakage mechanism can not be
directly verified, since the breakage process inside the rock
mass is not readily accessible to experimental procedures.
However, some phenomena of the blast are susceptible to direct
measurements, such as strain waves as measured by Obert and
Duvall1 (1950), Adushkin7 (1987), Winzer11 (1983); burden
velocities by high speed cameras (Chung23, 1987); and fragment
size measurement.
There are two blasting models proposed in this research work.
The fragmentation model uses the hole-by-hole analysis method to
consider the actual drilling pattern and bench shape.

There is

no method which can solve the effects of actual drilling pattern
without analyzing it hole by hole.
In the past, the explosion gas pressure has long been
recognized as the dominant factor in throwing rock fragments.
The blast casting model is the first model that 1) explains the
throwing procedures and mechanisms, 2) uses the explosion
pressure as the primary factor, and 3) applies them to field
conditions successfully.
Eight cases were used to verify the theory and engineering
models. In almost every case, the comparisons were favorable.
It is therefore concluded, that after careful comparisons, the
theory and model have been successful in the applications of the
experimental data.
The use of the computer program "ROCKFRAG" has proven to be
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very helpful in assessing the blasting results quickly. For each
case studied, the time for using "ROCKFRAG" to predict blasting
effects is only a few minutes. And the results have compared
favorably to the field measurements.

"ROCKFRAG" can be a

predicting tool for blasting designers to assess the blasting
effects before the actual shot.
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